We perform a systematic study of the masses of charmed and bottom baryons in the framework of the QCD sum rule approach. Contributions of the operators up to dimension six are included in operator product expansion. The resulting heavy baryon masses from the calculations are well consistent with the experimental values, and predictions to the spectroscopy of the unobserved bottom baryons are also presented.
I. INTRODUCTION
During the past several years there has been tremendous progress in the experimental investigations of the heavy baryon spectroscopy. With the precise measurement for the mass of Λ b by the CDF collaboration [1] , the D0 collaboration proclaimed the observation of Ξ b [2] , which was quickly confirmed by the CDF collaboration [3] . The first observations of Σ b and Σ * b have been reported by the CDF [4] . The BABAR collaboration announced the observation of Ω * c [5] and the production of Ω c from B decays [6] . The Ξ c as well as the excited states of Ξ c were set forth by the Belle and the BABAR collaborations [7] . Therefore, a large amount of experimental data on charmed and bottom baryons has become available.
On the other hand, various theoretical models have been used to study heavy baryon masses, such as quark models [8, 9] , mass formulas [10] , and lattice QCD calculations [11] . From QCD sum rules [12] , masses of the heavy baryons were primarily calculated in the heavy-quark limit [13] , and subsequently in the heavy quark effective theory [14, 15, 16] . In Refs. [17] , the calculations for the heavy baryons began with the full theory. Recently the masses of Ξ Q and Ω ( * ) Q were tested in QCD sum rules [18, 19] . Other renewed works were inspired by the current significant observations continually [20, 21, 22] . Proceeding from the motivation to evaluate the spectroscopy of the heavy baryons systematically in full QCD, we shall study mass sum rules for the heavy baryons, with the technique developed in [23, 24] . For the cases of Ξ Q and Ω ( * ) Q , the interpolating currents utilized in this work are not entirely the same as the ones used in Refs [18, 19] .
The paper is organized as follows. In Sec II, QCD sum rules for the heavy baryons are derived. Section III contains numerical analysis, a brief summary, and some discussions.
II. QCD SUM RULES FOR THE HEAVY BARYONS
It is of interest to apply the QCD sum rule to study the heavy baryons composed of a heavy quark (Q = c, b) and two light (u, d, or s) quarks. The basic point is to choose the suitable interpolating current. For the ground states, the currents are correlated with the spin-parity quantum numbers J matrices in baryonic currents [13] . For the Γ ′ k matrices for the excited baryons with I(J P ) = 0(
might be referred to the current of the heavy-light vector meson [25] . For the baryons with J = 3 2 , the currents may be gained from those of baryons with J = 1 2 using SU(3) symmetry relations [26] . Thus, the following forms of currents are adopted [13, 17, 25, 26, 27] :
Here the index T means matrix transposition, C is the charge conjugation matrix, a, b, c are color indices, and q 1 , q 2 are u or d depending on the concrete quark contents of the corresponding heavy baryons. The choice of Γ k and Γ ′ k matrices are shown in TABLE I. 
The QCD sum rules for the heavy baryons are constructed from the two-point correlation function
Lorentz covariance implies that the two-point correlation function has the form
For each invariant function Π 1 and Π 2 , a sum rule can be obtained, which is shown below. Phenomenologically, the correlator can be expressed as a dispersion integral over a physical spectral function
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for Ω * Q baryons. The lower limit of integration is given by Λ = m 2 Q /s.
III. NUMERICAL RESULTS AND DISCUSSIONS
In the numerical analysis, the input values are taken as m c = 1.25 ± 0.09 GeV, m b = 4.20 ± 0.07 GeV [28] with m s = 0.13 GeV,= −(0.23
, and g 3 G 3 = 0.045 GeV 6 [24] . The proper ranges of the thresholds can be determined, to which the stability of the Borel curves should not be sensitive. The Borel windows are fixed in this way: the lower limit constraint for M 2 is obtained from the condition that the perturbative contribution should be larger than the condensate contributions while the upper one is got by the pole contribution larger than the continuum contribution [29] . Giving an illustration, the comparison between pole and continuum contributions from Eq. (12) for √ s 0 = 3.4 GeV for Ω c is shown in Fig. 1(a) , and its OPE convergence by comparing the different contributions is shown in Fig. 1(b) . The analysis for the others has similarly been done, but the corresponding figures are not listed to keep the paper from being too lengthy. Accordingly, the threshold are taken as those values exhibited in corresponding figures, and Borel windows are M 2 = 1.5 ∼ 3.0 GeV 2 and 4.5 ∼ 6.0 GeV 2 for charmed and bottom baryons, respectively.
The Borel curves for the dependence on M 2 of the heavy baryon masses are shown in Figs. 2-6 . In Table   II , we present our results for the masses of the heavy baryons and compare with experimental data and other theoretical approaches. In the numerical evaluation, the results gained from the two sum rules have been averaged to decrease the systematic errors. It is worth noting that the uncertainty in the results are merely owing to Borel windows, not involving the ones rooting in the variation of the quark masses and QCD parameters.
In conclusion, we have employed the QCD sum rule approach to calculate the masses of charmed and bottom baryons including the contributions of the operators up to dimension six in OPE. The final results extracted from the sum rules are well compatible with the existing experimental data. Predictions to the spectroscopy of the unobserved bottom baryons are also presented. Although there has been enormous progress in experimental aspects and many theoretical works have been done for the heavy baryons, plenty of problems are desiderated to resolve. It is worth elucidating that most of the J P quantum numbers for the heavy baryons have not been determined experimentally, but are assigned by PDG on the basis of quark model predictions, which are waiting for experimental identification, especially for several higher excited states. More data on bottom baryons are earnestly expected by putting into operation the Large Hadron Collider, which may supply a gap of experimental data in the near future. From the theoretical point of view, it might be meaningful to reanalyze the QCD sum rules in full theory for the heavy baryons, taking into account the QCD O(α s ) corrections to improve the results, which are not involved in this work. TABLE II: The mass spectra of charmed and bottom baryons (mass in unit of MeV except for "Our works") Baryon J P S ℓ L ℓ J
